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Drought is a major environmental factor limiting crop productivity. Silicon has
recently been recognized as an important element in plant nutrition. In this study, it was
shown that supplying soybean with soluble silicon in the soil could improve vegetative
growth and drought tolerance under water limiting conditions. In order to understand the
molecular mechanism how silicon alleviates drought stress, the effects of silicon
application on protein expression and antioxidant enzymes were examined. Twodimensional gel electrophoresis and mass spectrometry approaches were used to identify
differentially expressed leaf and root proteins in response to silicon application under water
deficit stress. Proteins that showed differential expression in response to silicon application
included metabolic enzymes and proteins involved in the proteasome-dependent
degradation pathway. These results indicate that silicon application could affect enzymes
important for carbohydrate metabolism and stabilize aldehyde dehydrogenases and malic
enzyme under water deficit stress, which may be attributable to drought tolerance.
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CHAPTER I
INTRODUCTION
Soybean is one of the most important economic crops in the world. It was first
domesticated in central China as early as 7000 BCE (Lee et al., 2011) and was introduced
into United States in 1804. Now it has a particularly high status in the overall global
economics. According to the United States department of Agriculture, the United States is
the world's largest producer and the exporter of soybeans. It represents a significant source
of demand for U.S. producers and makes a large net contribution to the U.S. agricultural
trade for agricultural commodities. There are two main usages of soybean, first it is
processed for oil, and second it is used for the food industry and animal feed industry. In
the early 2000s, the value of U.S. oilseed and product exports averaged over $9 billion,
nearly half the farm-level value of production. This increased continuously, by the late
2000s, the value of oilseed and product exports doubled to over $20 billion.
Water plays an important role in the life of plants. It is absorbed by the roots,
transported through the plant body and lost to the atmosphere. Plants have strict water
requirements for survival. Even slight imbalances in this flow of water can cause water
deficits and severe malfunctioning of many cellular processes. Therefore, every plant must
maintain the balance and equilibrium of its uptake and loss of water. The main structural
differences between plant and animal cells that affects some aspects of their relations with
water is the cell wall in plants. Cell wall allows plant cells to build up large internal
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hydrostatic pressures, called turgor pressure. Turgor pressure is caused by the osmotic flow
of water and it is essential for many physiological processes, including gas exchange in the
leaves, cell enlargement, and various transport processes across membranes. Turgor
pressure also contributes to the rigid and sturdy of the cells. Due to climate change
following global warming, water deficiency is becoming a serious issue to plants especially
crops. It is a major factor harming the agriculture and limiting agricultural productivity.
This can have a huge impact on the local economy. Considering a significant area of crop
production under water-limited rain-fed conditions, there is a great need to develop
production systems to sustain yield potentials under water deficit stress.
Silicon is the second most abundant element in the earth’s crust. Much of the silicon
in the earth’s crust is present as the compound silicon dioxide (SiO2) also known as silica.
Silicon dioxide is insoluble in water and cannot be used by plants. Monosilicic acid
(H4SiO4) is the form of silicon can be absorbed by plants (Epstein, 1994). The early
research on silicon was shown that its presence may be beneficial in maintaining rigidity
and protection against pathogens. It was also shown that silicon may have important roles
such as disease resistance, metal detoxification and yield increase in recent years. Silicon
has been recognized as an important element in plant nutrition and alleviating biotic and
abiotic stress. However, the molecular mechanism how silicon alleviates water deficit
stress is not clear. This research is to investigate the effects of silicon application on protein
expression in soybeans. The leaf and root samples under different treatments were used for
protein extraction. Leaf and root proteins were resolved by two-dimensional gel
electrophoresis and differentially expressed proteins were identified by tandem mass
spectrometry.
2

CHAPTER II
LITERATURE REVIEW
Silicon as a nutrient
Research investigating the effect of silicon on plant growth began since 1920s.
Sommer (1926) first documented that addition of silicon to the culture solution improved
the growth of rice and of millet. Ishibashi (1937) made similar observations regarding the
effects of silicon on rice growth and he reported increased yield of rice in solution culture
with silicon (Ishibashi, 1936). Lipman (1938) found that addition of silicon to the culture
medium improved the growth and seed production of sunflower and barley. Raleigh (1939)
showed that silicon was an indispensable element for the growth of beet plant. Vlamis and
Williams (1967) reported that yields of Gramineae species (barley, oats, wheat, and rye)
were decreased when the plants were grown in culture solution without added silicon.
Silicon deficiency could also affect non-silicon accumulator plants such as tomato, soybean
and cucumber (Takahashi et al., 1990). Symptoms of silicon-deficient tomato and
cucumber plants included malformation of new leaves and failure of pollination. Similarly,
silicon-deficient soybean plants showed malformations of newly developed leaves and
reduced pollen fertility (Miyake and Takahashi, 1985) while silicon deficiency resulted in
reduced pollen fertility and fruit production of strawberry plants (Miyake and Takahashi,
1986). Many decade studies indicate that silicon is an important nutrient for the healthy
growth and development of many plant species and may exert an essential nutrient role for
3

plants with high silicon contents such as rice and other grasses (Lewin and Reimann 1969;
Takahashi et al., 1990; Epstein 1994,1999; Tubana et al., 2016).
Silicon has long been recognized as agronomically important nutrient for
gramineae crops particularly rice and sugarcane. Since 1955, silicon-enriched slag has been
applied as silicate fertilizer for increasing rice production in silicon-deficient paddy soils
in Japan (Takahashi et al., 1990). In the United States, rice yield was increased when silicon
fertilizer (calcium silicate slag) was applied to soils low in soluble silicon (Elawad et al.
1982; Snyder et al. 1986; Anderson et al. 1987; Deren et al., 1994). Gholami and Falah
(2013) reported an increase in number of tillers, dry leaves weight, 1000-grain weight, and
yield of two rice varieties grown in Iran upon silicon fertilization to the soil. In 2016, Pati
et al. studied the effect of silicon (diatomaceous earth) fertilization on growth, yield, and
nutrient uptake of rice grown in India. Diatomaceous earth is the fossilized remains of
diatoms which are photosynthesizing algae surrounded by a cell wall made of silica. They
found that application of diatomaceous earth (600 kg ha-1) significantly increased grain
yield as well as yield-attributing parameters such as number of tillers per square meter,
number of panicle per square meter, and 1000-grain weight. They also found that silicon
(diatomaceous earth) fertilization significantly increased uptake of nitrogen, phosphorus,
and potassium in grain and straw of rice. Similarly, silicon (calcium silicate slag) was used
as a fertilizer for growing sugarcane on soils low in soluble silicon (Clements, 1965; Ayres,
1966; Fox et al., 1967; Anderson et al., 1991; Savant et al., 1999; Matichenkov and Calvert,
2002). For both sugarcane and rice, silicon fertilization has become an established practice
on soils low in soluble silicon (Tubana et al., 2016).
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Silicon uptake and its translocation
Silicon is the second most abundant elements in earth’s crust after oxygen.
However, the amount of silicon in the soil available for plant uptake is limited (Mitani and
Ma, 2005). Plants acquire Si from the soil in the form of silicic acid (H4SiO4). Silicic acid
can be taken up by roots and transported to various tissues in plants. Si content in plants
varies depending on species, ranging from 0.1% to 10% silicon on dry weight basis
(Epstein, 1994; Hodson et al., 2005). Plants can be classified into three types depending on
the concentration of silicon in the shoot. Si accumulator: plants show high Si accumulation
and contain more than 1%, such as Gramineae and Cyperacea. Intermediate type: plants
contain between 0.5% and 1% Si, such as Cucurbitales, Urticales, and Commelinaceae. Si
excluder: plants contain less than 0.5% Si (Mitani and Ma, 2005).
Silicon uptake and distribution pattern have been studied in many plant species
(Hodson et al., 2005). Different modes of silicon uptake were suggested to account for Si
accumulator, intermediate type and Si excluder. Richmond and Sussman (2003) classified
three modes based on measurements of silicon content and transpiration rates compared to
a preset baseline. Intermediate type of plants is set as the baseline and features passive
uptake of silicon. Si accumulator and Si excluder plants exhibit active-uptake and rejectiveuptake of silicon, respectively. The uptake is most likely a radial transport from the external
solution to the root cortical cells. The translocation of silicic acid initiates from root,
towards the shoot by transpirational water flow through the xylem, and then it is
polymerized into silica (SiO2) in different tissues of plants. This process can be affected by
pH, temperature and metabolic status (Ma, 2009).

5

Multiple transporter genes are involved in this whole pathway of silicon uptake and
transport (Ma et al., 2015). The first Si transporter (Lsi1) in higher plants was identified in
rice in 2006. Ma et al. (2006) reported that the Low silicon rice 1 (Lsi1) gene encodes a
membrane protein responsible for the silicon influx transport in rice. This gene belongs to
a Nod26-like major intrinsic protein (NIP) subfamily of aquaporins (Wallace and Roberts,
2005; Johanson and Gustavsson, 2018). The cellular location of Lsi1 protein is in the
plasma membrane of distal side of both exodermis and endodermis cells of rice roots. The
second Si transporter (Lsi2) in rice was reported be Ma et al in 2007. Lsi2 (Low silicon
rice 2) belongs to a putative anion transporter family (Ma et al., 2007). It was shown that
Lsi2 functions as Si efflux transporter (Ma et al., 2007). Lsi2 is localized the same cells
with Lsi1 but on the proximal side of rice. Both Lsi1 and Lsi2 genes are constitutively
expressed in rice roots. Having an influx transporter (Lsi1) on one side and an efflux
transporter (Lsi2) on the other side of the cell permits the effective transcellular transport
of silicon, Thus, coupling of Lsi1 and Lsi2 is essential for silicon transport in rice (Ma et
al., 2007). This special nutrient transport mechanism reveals that plants have an effective
transcellular transport pathway of silicon (Ma et al., 2015). Apart from Lsi1 and Lsi2, Lsi6
is also a gene contributing to silicon distribution in rice (Yamaji et al., 2008). Lsi6 belongs
to the nodulin-26 intrinsic protein III subgroup of aquaporins. Lsi6 is expressed in the root
tips, and adaxial side of the xylem parenchyma in the leaf sheath and leaf blades of rice
(Yamaji et al., 2008). Lsi6 does not appear to be involved in the uptake of silicon, but it is
believed this transporter is responsible for the transportation of silicon out of the xylem
(Yamaji et al., 2008). The above-mentioned studies indicate that Si transport is a complex
progress that requires different transporter genes.
6

Si transporter genes (Lsi1 , Lsi2 and Lsi6 ) have been found in different plant species
such as barley, maize, wheat, pumpkin, and soybean (Ma and Yamaji, 2015). Most dicot
plants are unable to uptake much silicon. Therefore, it is necessary to transfer desired gene
such as influx and efflux Si transporter genes to increase the uptake of silicon. In this way,
engineered plants can have greater potential to increase tolerance/resistance to biotic and
abiotic stresses.

Silicon and photosynthesis
Photosynthesis is the most critical process that convert light energy into chemical
energy to support all the activities in plants. Abiotic stresses such as drought, high salt and
heavy metals can negatively affect photosynthetic parameters such as basal quantum yield
(Fv/F0) and maximum quantum efficiency of PSII photochemistry (Chen et al., 2011;
Tripathi et al., 2015). The restriction of photosynthesis of plants under abiotic stress could
be due to affecting stomatal and non-stomatal factors. Drought stress heavily decreased the
stomatal conductance (C) and net CO2 assimilation rate (PN) (Gong et al., 2005).
Gong et al. (2005) and Xie et al. (2015) found that the stomatal conductance of
crops leaves did not decline with the silicon under drought stress. This observation
indicated that silicon might assist plants and maintain the photosynthesis ability under
drought stress. The addition of silicon at 400 mg L-1 significantly increased the net
photosynthesis by 40% (Saud et al., 2014). Xie et al. (2015) reported the photosynthetic
rate (PN) and intercellular CO2 concentration (Ci) were maintained by application of silicon
in maize under salt stress. Muneer et al. (2014) showed that salt stress reduced the total
7

chlorophyll and carotenoid content and the negative effects of salt stress on chlorophyll
and carotenoid could be alleviated by the addition of silicon to the growth media. It was
also reported that chromium toxicity causing the reduction of photosynthetic activities
(chlorophyll fluorescence) could be relieved by silicon application (Tripathi et al., 2015).
At the molecular level, it was also reported that silicon activated some photosynthesisrelated genes such as Os08g02630 (PsbY) and Os05g48630 (PsaH) under zinc stress at 2
mM (Song et al., 2014). Accordingly, silicon application seems to have positive effects on
photosynthesis.

Silicon and drought stress
Water is essential for the germination of seeds, growth of plant roots, and nutrition
and multiplication of soil organism. Most of plants especially crops could be negatively
affected by water deficiency. Drought stress is a major environmental factor that limits
plant growth and yield. Drought decreased photosynthesis, transpiration rate, water use
efficiency, stomatal conductance and leaf water content (Saud et al., 2014). Emam et al.
(2014) contributed more morphological data to illustrate the effect of drought stress on
plants. They found that grain yield and harvest index (HI) and grain length L/ grain breadth
B ratio declined in two of rice cultivars under water deficient stress. Water deficit caused
a series of changes in plants such as chlorophyll content (Emam et al., 2012), total soluble
carbohydrates, protein, starch, oil, phenols, and flavonoid contents in rice (Emam et al.,
2014). Shehab et al. (2010) reported the varying negative effects at the molecular level on
plants caused by drought stress including the overproduction of stress signals. Stress
8

signals such as H2O2 and MDA (3,4-Methylenedioxyamphetamine) increased considerably
in plants under drought stress and they caused oxidative damage to proteins, lipids and
carbohydrates (Gunes et al., 2007; Shehab et al., 2010; Pei et al., 2010; Li-feng et al., 2012).
It is necessary to provide some nutrients that can enhance the drought-stress
tolerance in plants. Silicon application has been shown to have positive effects on plants
under abiotic stresses such as drought, salinity, metal toxicities and cold. Many researchers
have conducted experiments to study the response of plants with the application of silicon
especially in the dry environment. Hattori et al. (2005) found that Sorghum plants could
maintain higher levels of photosynthetic rate and stomatal conductance under drought
stress with silicon application. It was also shown that net photosynthesis, leaf green color,
leaf water content and turf quality were significantly increased under drought stress in
Kentucky bluegrass (Saud et al., 2014). Gong et al. (2008) found that the water potential
of drought-stressed wheat increases with Si at the filling stage. Silicon is known to have
beneficial effects when added to the soil in several plants are cultivated under drought
stress.
The mechanisms for Si in alleviating drought stress were explored in recent studies.
One of the possible reason is that silicon application could prevent leaf rolling and wilting
under drought condition. It was reported that rolling leaves have lower maximal
photosystem II (PSII) in the light-adapted state (Fv’/Fm’). And it causes the soluble sugar
and proline content decreased in plants (Li-feng et al., 2012). It was reported that silicon
can help to maintain erect leaves in rice and improve the growth of shoots (Pei et al., 2010;
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Emam et al., 2012). The chlorophyll concentration was also increased by supplied silicon
in plant leaves.
The other possible reason is the influence of silicon on water use efficiency (WUE)
which was observed in maize plants (Gao et al., 2004) and Dianthus caryophyllus L.
(Soundararajan et al., 2017). It was found that WUE of the maize supplied with silicic acid
was higher than that without silicon, especially under the water stress. Density and the
formation of stomata were slightly affected with silicon application. They also tested the
transpiration in leaf and water flow rate in xylem vessels and tried to explain the organism
with increasing WUE. They believed that silicon influences stomata movement based on
the reduction of transpiration rate. Also, the lower water flow rate under silicon treatment
indicates that silicon can help plants by increasing affinity for water in xylem vessels. Shen
et al. (2010) reported that the relative leaf water content (RWC) increased 19.0% and 30.0%
under drought and drought + UV-B stress, respectively, with the addition of silicon. Losing
water is one of the important factors that reduce growth and lessen the yield in the drought
environment. Enhancement of WUE is an efficient way to increase the water content in
every part of plant such as root, leaf and xylem and massively improve the drought
tolerance of plants.
Silicon application has been shown to improve the nutrient uptake in plants under
stress conditions. This might be a mechanism for silicon application in alleviating drought
stress. Silicon increased the level of calcium (Ca) and potassium (K) with the high Si
treatment under water stress and Ca could be recovered to the similar level as the well-
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watered plants (Kaya et al., 2007). Silicon application can boost the levels of many nutrient
elements (Ca, Mg, K, and Na) under abiotic stress (Emam et al., 2014; Tripathi et al., 2015).

Silicon and gene expression
Silicon application on gene expression was first reported in rice by Watanabe et al.
(2004). They analyzed the level of gene expression in rice leaves influenced by limited
silicon application using microarray analysis. The microarray results showed that four
genes were downregulated and one gene was upregulated upon silicon application
(Watanabe et al., 2004). The transcription levels downregulated by Si included genes
encoding carbonic anhydrase, Xa21 gene family member, chlorophyll a/b binding protein
and metallothionein-like protein. The upregulated gene encodes a zinc finger protein. The
zinc finger protein may function as a transcription factor regulating stress-inducible genes
under silicon treatment (Watanabe et al., 2004). Song et al. (2014) showed that
photosynthetic parameters, including transpiration rate, chlorophyll concentration, net
photosynthetic rate, stomatal conductance, intercellular CO2 concentration and the
chlorophyll fluorescence in rice were reduced under high-zinc stress and silicon application
could alleviate the adverse effects of high zinc on photosynthesis parameters. Furthermore,
they found that the expression of photosynthesis-related genes Os08g02630 (PsbY),
Os05g48630 (PsaH), Os07g37030 (PetC), Os03g57120 (PetH), Os09g26810 and
Os04g38410 were decreased under zinc stress while Si application could increase the
expression of these genes. PsbY (Os08g02630) is one of the low molecular mass (LMM)
subunits of oxygen-evolving photosystem II (PSII) (Kawakami et al., 2007). Along with
11

PsaH, chloroplast genes PsaA and PsbA encode proteins in photosynthesis (Pfannschmidt
and Yang, 2012). These results suggest that silicon can alleviate the adverse effects of high
zinc stress on photosynthesis and silicon may exert its effect through regulating expression
of some photosynthesis related genes.
Over the last several years, numerous transcription factors have been identified in
plants in response to drought stress (Janiak et al., 2016). The levels of fifteen transcription
factor genes were found to be upregulated significantly in Phaseolus vulgaris by drought
stress and they might be involved in the regulation of other genes expression under drought
(Kavar et al., 2008). Stress-responsive transcription factors play critical roles in regulating
stress-responsive genes important for coping with stress (Umezawa et al., 2006). For
example, DRE (dehydration-responsive element)/CRT (C-RepeaT) is a regulatory element
in many stress responsive genes. Transcription factors that bind to DRE/CRT usually show
increased expression under the abiotic stress (Shinozaki et al., 2007; Thomashow, 2010).
The transcription factor DREB2A, which can bind to DRE, can regulate the expression of
many DRE containing genes under drought stress (Sakuma et al., 2006). The upregulated
genes could lead to produce more proteins important for coping with abiotic stress. Both
water and heat-shock stresses can activate the expression of DREB2A (Sakuma et al.,
2006). The expression of the transcription factors, DREB2A and NAC5, were upregulated
in rice under the drought stress with the application of silicon (Khattab et al., 2014). These
results indicated that silicon application enhanced the drought specific gene expression and
produced more DREB2A protein in response to drought. In addition to studies on transcript
levels, proteomic analysis was used to determine the effect of Si on gene expression at the
protein level. Muneer et al. (2014) analyzed chloroplast proteins from tomato seedlings
12

subjected to salt stress using second-dimensional blue native polyacrylamide-gel
electrophoresis method. They found a significant reduction in ATP-synthase complex and
cytochrome b6/f under salt stress and the reduction of these two proteins by salt stress could
be alleviated by silicon application. These results suggest that silicon application can
enhance the expression of chloroplast proteins in tomato under salt stress using proteomic
approaches. Nwugo and Huerta (2011) found 39 proteins differentially expressed in rice
by silicon application under cadmium stress. These differentially expressed proteins may
play important roles in the alleviation of cadmium stress in rice by silicon application.

Silicon and antioxidant enzymes
Silicon was found to decrease the production of reactive oxygen species (ROS) and
strengthen the tolerance of plants (Kim et al. 2017). ROS are chemically reactive species
containing oxygen including peroxides, superoxide radical (O2-), hydroxyl radical (OH-),
and hydrogen peroxide (H2O2) and they can cause oxidative damage to biomolecules
(Gunes et al., 2007; Shehab et al. 2010; Pei et al., 2010; Li-feng et al., 2012; Shekari et al.,
2017). It was shown that silicon application can decrease the content of H2O2, stomatal
resistance (SR), lipid peroxidation (MDA) and proline in chickpea (Gunes et al., 2007) and
sunflower (Gunes et al., 2008).
Silicon application have been shown to affect antioxidant enzymes. In two barley
cultivars: Kepin No. 7 and Jian No. 4, it was found that SOD activity in plant leaves and
H+-ATPase activity in plant roots increased under salt stress (Liang, 1999). The activity of
superoxide dismutase (SOD) (Li-feng et al., 2012), catalase (CAT) (Gunes et al., 2008)
13

and ascorbate peroxidase (APX) increased with the application of silicon in rice (Gunes et
al., 2007) and Apiaceae (Shekari et al., 2017), especially under abiotic stress. Gong et al.
(2005) found that the activities of SOD, CAT and glutathione reductase (GR), the fatty acid
unsaturation of lipids and the contents of soluble protein and photosynthetic pigments
increased in wheat with silicon application. They concluded that the increased enzyme
activities might be involved in the process of fighting oxidative damage.
Nonenzymatic antioxidants such as ascorbate, carotenoids and glutathione play an
important role in alleviating plants under stress. The activity of glutathione reductase (GR)
increased in wheat under silicon treatment (Gong et al., 2005). Ma et al. (2016) also
reported that in wheat leaves, silicon application increased the content of total phenolic and
total flavonoid, ascorbate (ASC) and GR. They concluded that the application of silicon
can be a strategy to improve plants growth under drought stress. It was suggested that
silicon application may maintain crop yield under drought condition (Ma et al., 2016).
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CHAPTER III
MATERIALS AND METHODS
Plant materials
Soybean (Glycine max cv Asgrow 5332) was grown in cups containing sand in the
lab. The temperature in the lab is around 22°C. Six cups of plant were put in one plastic
storage box without lid. There were six plastic boxes in total. Three hundred milliliter
distilled water were added to plastic boxes every other day. After 7 days growing, plants
with similar morphological characteristics were chosen and transplanted to make each cup
contain one soybean plant. At cotyledon stage, plants were grown in the plastic boxes and
by adding distilled water, 4 mM sodium metasilicate (Na2SiO3) (Sigma), or 8 mM sodium
chloride (NaCl) solution. Same amount of sodium chloride was used to cancel the effect of
sodium along with control plants. Two plastic boxes (twelve plants in total) were supplied
with distilled water, two were supplied with 4 mM sodium metasilicate and two were
supplied with 8 mM sodium chloride. Two hundred ml solution of sodium silicate, sodium
chloride or water were added to each plastic box every other day. After another 14 days,
these plants were subjected to drought treatment by stopping irrigation for 7 days. At the
second trifoliate stage, the trifoliate leaf and root were collected.
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Protein extraction from soybean plants
Soybean leaves or roots with different treatments were harvested. The samples were
immediately frozen in liquid nitrogen and stored at -80°C for proteomic analysis. The
method of Wang et al. (2006) was used for total leaf and root protein extraction with
modification (Wang et al., 2006). Fine powder was obtained by grounding samples in
liquid nitrogen using a mortar and pestle. Powder (0.3-0.4g) was transferred into 2-ml tube
containing 2ml chilled 10% trichloroacetic acid (TCA) (Sigma-Aldrich, ≥99.0%)/acetone.
The mixture was vortexed and then centrifugated at 4°C for 3 min at 16,000 x g. After
centrifuging, the supernatant was removed by pipetting without touching the pellet and
discarded the supernatant. The finely drawn glass Pasteur pipet was used because
acetone has highly reactivity towards plastics and can dissolve plastic easily. The
combination of TCA and acetone is commonly used to precipitate proteins and remove
contaminants. Extended exposure to low pH (TCA) may lead to protein degradation or
modifications. The pellet was then washed by adding 80% methanol plus 0.1 M ammonium
acetate (Sigma, for molecular biology, approx. 98%) and 80% acetone at 4°C for 3 min at
16,000 x g to remove residual TCA and contaminants. The pellet was air-dried in the hood
for at least 10 minutes to remove residual acetone. The pellet was suspended in 0.4 ml
phenol (pH 8.0) and 0.4 ml sodium dodecyl sulfate (SDS) buffer [30% sucrose, 2% SDS
(Bio-Rad, 1610302), 0.1 M Tris-HCl] with 5% 2-mercaptoethanol by incubating at room
temperature for 5-10 minutes. The mixture was centrifuged at 16,000 x g for 3 minutes at
room temperature. The upper phenol phase (about 300 µl) was transferred into a new 2-ml
tube containing methanol plus 0.1 M ammonium acetate. At least 5 volumes of cold
methanol plus 0.1 M ammonium acetate should be added to the phenol phase. It was
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incubated at -20°C for about 2 hours and centrifuged at 16,000 x g for 5 min at 4°C. After
removing the supernatant by pipetting without touching the pellet, the white pellet was
finally washed by adding methanol plus 0.1 M ammonium acetate and 80% acetone and
then centrifugated at 4°C for 5 min at 16,000 x g. The pellet was then air-dried to remove
any remaining acetone and stored the dried pellet (proteins) in the tube at -80°C for future
use.

Two-dimensional gel electrophoresis
Protein solubilization and quantification
For the leaf samples, the protein pellet was resuspended in an appropriate volume
(about 150 µl) of rehydration buffer [9% urea, 4% 3-((3-cholamidopropyl)
dimethylammonium)-1-propanesulfonate (CHAPS) (GoldBio, 75621033), 50 mM
Dithiothreitol (DTT) (GoldBio, 27565419)] stored at -70°C, one microliter of 100x
BioLyte 3/10 Ampholyte (Bio-Rad, 1632094) was added to 200 µl of rehydration buffer
before use. After gentle mixing, the mixture was incubated for 15 min- 1 hour (time should
base on the weight of protein pellet) with rotation until it fully solubilize. The volume of
rehydration buffer can be increased to help protein solubilization. Soluble and insoluble
protein was separated by centrifuging at 16,000 g at room temperature for about 3 min and
the protein content (about 1000 µg) of the supernatant was determined with the protein
quantiﬁcation assay following the modified Bradford method.
For the root sample, five hundred microliter rehydration buffers with 2.5 µl of 100x
BioLyte 3/10 Ampholyte was used to rehydrate protein. After protein totally solubilize,
concentrated centrifuge tube was used to increase the concentration of protein and purify
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the protein also (protein of root sample contains more salt, which influent IPG strips and
not good for Protean IEF cell machine). The final concentration of protein is about 470 µg.
Modified Bradford protein assay
Total proteins were quantified using the Bradford method (Bradford, 1976) with
bovine serum albumin as protein standard. The spectrophotometer should be warmed up
before use. Prepared standards were contained a range of 1, 2, 5, 10, 15, 20 µg protein
(albumin or gamma globulin) in 20 µl distilled water in Eppendorf tubes (concentrations:
50 µg/ml ,100 µg/ml, 250 µg/ml, 500 µg/ml, 750 µg/ml, 1000 µg/ml, 2000 µg/ml and 4000
µg/ml). Fifty microliter of 1 M NaOH was added to the protein standard and mix well. One
milcroliter dye reagent was added and incubated for 5 minutes. The absorbance was
measured in polystyrene cuvettes at 590 nm.
When the concentration of protein samples was tested, the spectrophotometer was
warmed up before use. Twenty microliter sample was placed into Eppendorf tubes. The
samples were diluted to obtain between 1 and 20 µg protein per 20 µl sample. Fifty
microliter of 1 M NaOH was added to the protein standard and mix well. One milliliter dye
reagent (Quick Start™ Bradford 1x Dye Reagent, Bio-Rad, 5000205) was added and
incubated for 5 minutes. The absorbance was measured in polystyrene cuvettes at 590 nm.
Amounts of protein was determined in the samples by using the standard curve. The
concentrations of original samples were determined from the volume and dilution factor.
Isoelectric focusing of proteins
Soluble proteins from soybean leaves or roots were run in the first dimension by
using an isoelectric focusing (IEF) system (PROTEAN IEF Cell, Bio-Rad Laboratories).
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Precast immobilized pH gradient (IPG) strips (Bio-Rad Laboratories) were used for the
first-dimension separation. Four hundred micrograms of proteins in rehydration buffer (9
M urea, 4% CHAPS, 50 mM dithiothreitol, 0.1% Bio-Lyte Ampholyte) was added to
individual channels of an IPG focusing tray (Bio-Rad Laboratories). The Bio-Rad IPG
strips (pH 4-7, 11 cm) were then placed over the protein solutions in channels of the IPG
focusing tray. The protein samples were rehydrated in the IPG focusing tray at 50 Volt for
1 hour. After rehydration, the samples were run at 250 Volt for 15 minutes, then ramped to
8,000 Volt over a period of 2.5 hours, and then kept at 8,000 Volt for 13 to 15 hours. At
the completion of IEF run (35,000 Volt-hours), the IPG strips were equilibrated for 10
minutes in equilibration buffer I (130 mM dithiothreitol, 6 M urea, 2% SDS, 0.375 M TrisHCl, pH 8.8, 20% glycerol, 0.01% bromophenol blue) and for 10 minutes in equilibration
buffer II (135 mM iodoacetamide, 6 M urea, 2% SDS, 0.375 M Tris-HCl, pH8.8, 20%
glycerol, 0.01% bromophenol blue). Following equilibration, the strips were placed
directly onto 12% polyacrylamide-SDS slab gels for the second-dimension separation.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of protein
A resolving gel was casted for SDS-PAGE. The gel was assembled by placing the
two side spacers onto the square plate so that 1-2 mm of glass id left exposed on the outside
edges. The silicone tubing was put across the bottom edge of the plate and was set the top
glass plate (with cut out on top) onto the bottom plate. The bottom corners (temporarily)
were with small clamps. The tubing was pulled up along the sides of the spacers, and was
clamped the sides with large spacers. The small clamp was removed. It was temporary
clamps and the bottom of the gel was clamped with two large clamps (positioned at the
outside edges of the plates, and snug against the bottom). The gel was stood upright so that
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it sat on the two bottom clamps and adjust the gel to level. The plates, spacers, and comb
should be washed very well, and let them air dry in a clean plastic finger rack. To get a
better seal, greases (petroleum jelly) was applied thinly to the connections between the
spacers. The resolving gel was prepared and 12% resolving gel [18.7 ml distilled water, 5
ml 8X resolving gel buffer (3M Tris-HCl, pH 8.8), 100 µl 20% (w/v) SDS, 16 ml
acrylamide/bis-acrylamide (30% Acrylamide: 0.8% Bisacrylamide), 200 µl 10% (w/v)
ammonium persulfate, 20 µl Tetramethylethylenediamine (TEMED)] was used in this
experiment. The resolving gels were in 0.375 M Tris and the pH was 8.8. Volumes given
are sufficient for 17 cm X 15 cm X 1.5 mm gel format (40 ml of monomer). The ammonium
persulfate and TEMED was added just prior to pouring gel and was swirled gently to mix.
A pasteur pipet and a rubber bulb was used, the gel solution was pipetted into the gel
sandwiches (avoid air bubbles) to level about 2 cm below the bottom of the teeth of the gel
comb. The gel was carefully overlaid with about 300 µl of distilled water. A sharp watergel interface was appeared under the water layer when the gel has polymerized. This step
probably took about 60 min. At the same time, the preparation of IPG strip was started.
After finish that, the separating gel should polymerize already, the water layer was poured
off and the top of the gel was rinsed with distilled water three times. Most of water was
removed by using paper towels. The IPG strips were put and contacted with SDS-PAGE
gels. The agarose should solidify for 5 minutes before proceeding. The reservoirs were
filled with about 800ml 1X running buffer [make 10X running buffer (250 mM Tris, 1920
mM glycine, 1% SDS) to store and dilution 10X when use] and the gel was running at
constant current (8 mA/gel). The migration of the Bromophenol Blue in the stained IPG
strop is used to monitor the progress of the electrophoresis. It took about 16 hours to run
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the gel. At the end of the run, the power was turned off supply, and remove the gel from
the apparatus. The glass palates should be gently apart (the spacers themselves make the
best tools for carrying out this step). The glass plate was inverted to which the gel has
adhered over a plastic box containing 100-200 ml of solution, and tease one corner of the
gel off the plate. The gel was allowed to gently fall of the plate into the solution.
The equilibration buffer was taking at -70°C and was placed onto the lab bench to
thaw. At this time, equilibration buffer I and II were prepared. [Equilibration buffer (6 M
urea, 2% SDS, 0.375 M Tris-HCl, pH 8.8 and 20% glycerol, stored at -70 °C), Equilibration
buffer I (4 ml equilibration buffer and 80 mg DTT), Equilibration buffer II (4ml
equilibration buffer, 100 mg iodoacetamide and 20 µl bromophenol blue solution)]. Each
11 cm IPG strip needed 4 ml of Equilibration buffer I and II. The IPG strips were took from
-70°C and needed to thaw 10-15 min. It was best not to leave the thawed IPG strips for
longer than 15-20 minutes as diffusion of the proteins could result in reduced sharpness of
the protein spots. Four milliliter of Equilibration buffer I with DTT was added to a channel
of the equilibration/rehydration tray and the IPG strip gel was transferred side up into the
channel containing Equilibration Buffer I. The equilibration/rehydration tray was placed
on an orbital shaker and gently shake for 10 minutes. At the end of 10 minutes incubation,
the used equilibration buffer I was discarded by carefully decanting the liquid from the tray.
When most of the liquid has been decanted, the tray was flicked a couple of times to remove
the last few drops of equilibration buffer I. During the incubation, the glass plates was
clamped containing the SDS-PAGE gel onto the vertical electrophoresis unit. Each IPG
strip was added 4 ml of equilibration buffer II with iodoacetamide. The tray was shake
gently on an orbital shaker for 10 minutes. During the incubation, the overlay agarose
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solution (150 mg agarose in 15 ml of distilled water in a 50-ml plastic tube and heat it about
1-2 min until it fully dissolves, make it cool down before use) was melted. The IPG strip
was removed from the tray and was laid with the gel side towards you onto the back plate
of the SDS-PAGE gel. The forceps or a spatula was used carefully to push the IPG strip in
contact with the SDS-PAGE gel surface. The pipet was used to transfer the melted agarose
solution over the IPG strip in contact with the SDS-PAGE gel. The agarose should solidify
for 5 minutes before proceeding. The reservoirs were filled with about 800 ml 1X running
buffer [make 10X running buffer (250 mM Tris, 1920 mM glycine, 1% SDS) to store and
dilution 10X when use] and run the gel at constant current (8 mA/gel). The migration of
the Bromophenol Blue in the stained IPG strop was used to monitor the progress of the
electrophoresis.
Colloidal Coomassie staining of proteins in polyacrylamide gels
Colloidal Coomassie staining was performed using essentially the same method
described by Dyballa and Metzger (2009). Briefly, proteins in polyacrylamide gels were
stained in colloidal Coomassie solution [0.02% (w/v) Coomassie G-250, 5% (w/v)
aluminum sulfate hydrate, 2% (v/v) phosphoric acid, 10% (v/v) ethanol] until desired
intensity of staining was achieved. After removing colloidal Coomassie solution, the gels
were rinsed twice with deionized water provided by a Milli-Q purification system (EMD
Millipore). The rinsed gels were destained in destaining solution [10% (v/v) ethanol, 2%
(v/v) phosphoric acid] until the background of the gels was completely transparent. After
rinsing twice with Milli-Q deionized water, the gels were imaged using the ChemiDoc
touch imaging system (Bio-Rad Laboratories) and protein spots were detected and
analyzed with Image Lab 6.0 (Bio-Rad Laboratories).
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Silver staining of proteins in polyacrylamide gels
Silver staining was performed based on the method described by Shevchenko et al.
(1996) with some modifications. Proteins in the gel were fixed by soaking the gel in a
solution of 50% methanol and 10% acetic acid for 30 minutes with gentle shaking. After
fixation, the gel was incubated in a solution of 5% methanol and 1% acetic acid for 15
minutes with shaking. The gel was then washed three times for 5 minutes each in deionized
water provided by a Milli-Q purification system (EMD Millipore). The gel was sensitized
by incubating in 0.02% sodium thiosulfate for 90 seconds and then rinsed with Milli-Q
deionized water for three times (30 seconds each). After rinsing, the gel was incubated in
0.2% silver nitrate solution under darkness for 25 minutes with gentle shaking. After
removing the silver nitrate solution, the gel was rinsed three times with Milli-Q deionized
water for 1 minute each. The gel was then developed in a developing solution containing
6% sodium carbonate and 0.05% formalin with intensive shaking. Once the desired
intensity of staining was reached, the developing solution was discarded immediately and
the gel was incubated in 6% acetic acid for 10 minutes. After rinsing twice with Milli-Q
deionized water, the gels were imaged using the ChemiDoc touch imaging system (BioRad Laboratories) and protein spots were detected and analyzed with Image Lab 6.0 (BioRad Laboratories). Silver-stained gels could be stored in 1% acetic acid solution at 4°C
until further analysis.
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In-gel digestion of proteins
In-gel digestion of proteins was performed similarly to the method described by
Shevchenko et al. (1996), except that dithiothreitol reduction and iodoacetamide alkylation
were omitted. Protein spots on stained two-dimensional gels were excised using clean
scalpels and cut into 1 mm cube pieces. The resulting gel pieces were placed into 0.5 ml
microcentrifuge tubes and HPLC grade acetonitrile was added to cover the gel pieces. After
the gel pieces were dehydrated with acetonitrile for 10 minutes at room temperature,
acetonitrile was removed using clean pipette. The shrunk gel pieces were dried in a low
temperature-controlled vacuum centrifuge. The dried gel pieces were incubated in a
digestion buffer solution containing 50 mM ammonium bicarbonate and 12.5 ng/µl of
sequencing grade trypsin (Promega) on ice for 45 minutes. After incubation, the liquid
portion was removed from the microcentrifuge tubes and replaced with 50 mM ammonium
bicarbonate solution. The gel pieces with remaining trypsin in microcentrifuge tubes were
incubated in a 37C water bath overnight. After in-gel digestion, tryptic peptides were
extracted by three changes of 5% formic acid in 50% acetonitrile (20 minutes for each
change). The resulting peptide solutions were dried in a low temperature-controlled
vacuum centrifuge and the completely dried tryptic peptides were stored at -20°C until
analyzed by mass spectrometry.

Mass spectrometry analysis and database search
Mass spectrometry analysis and database search was conducted at the Vermont
Genetics Network Proteomics Facility of the University of Vermont. The dried peptides
were reconstituted with 2.5% acetonitrile /2.5% formic acid and analyzed by capillary LC24

MS/MS (liquid chromatography-tandem mass spectrometry) on a linear ion trap (LTQ)Orbitrap Discovery mass spectrometer coupled to a Surveyor MS Pump Plus (Thermo
Fisher Scientific, MA). Half of the digest was loaded directly onto a 100 μm x 120 mm
capillary column packed with MAGIC C18 (5 μm particle size, 20 nm pore size, Michrom
Bioresources, CA) at a flow rate of 500 nL per minute, and peptides were separated by a
gradient of 2.5-10% in acetonitrile /0.1% formic acid in 5 minutes, 10-35% acetonitrile
/0.1% formic acid over 45 minutes, 35-100% acetonitrile /0.1% formic acid in 1 minute,
and 100% acetonitrile for 10 minutes. Peptides were introduced into the linear ion trap via
a nanospray ionization source. The LTQ-Orbitrap was operated in standard data-dependent
“top-10” acquisition mode with lock mass function activated. A survey scan from m/z 300–
1600 at 30,000 resolutions in the Orbitrap was paralleled by 10 MS/MS scans of the most
abundant ions in the LTQ. Dynamic exclusion was enabled (repeat count: 2; repeat duration:
30 seconds; exclusion list size: 180; exclusion duration: 60 seconds). The minimum signal
threshold was 500. Singly charged ions were excluded for MS/MS. Product ion spectra
were

searched

against

the

Glycine

max

proteome

from

Uniprot

(http://www.uniprot.org/proteomes/UP000008827) using the SEQUEST search engine
embedded in the Proteome Discoverer 1.4 (Thermo Fisher Scientific, MA). The database
was indexed with the following: fully enzymatic activity and three missed cleavage sites
allowed for trypsin; peptides MW of 350-5000 Da. Search parameters were as follows:
mass tolerance of 20 ppm and 0.8 Da for precursor and fragment ions, respectively; four
differential PTMs allowed per peptide; dynamic modification on methionines (+15.9949
Da for oxidized methionines), and static modification on cysteines (+57.0215 Da for
carbamidomethylated cysteines).
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Enzyme analysis
Protein extraction
Plant tissues were grinded in liquid nitrogen. About 300 mg of the plant tissue
powder was weighed and put in an Eppendorf tube. Three hundred to four hundred
microliter of extraction buffer [50 mM Hepes-KOH, pH 7.5, 2 mM EDTA, 2mM EGTA,
20 mM MgCl2, 40% glycerol, 0.2% Triton X-100] containing 4 mM DTT and 4 mM PMSF
was added and mix well with hands. It was incubated on ice for 5 minutes. The samples
were centrifuged at max speed in a microcentrifuge at 4°C for 15 minutes. One hundred
microliter of supernatant was transferred into a fresh tube. Twenty-five microliters of 5X
native gel sample buffer [250 mM Tris-HCl (pH 7.5), 50% glycerol, 0.05% bromophenol
blue] was added and mix well with hands. Fifty-five microliters of the sample were loaded
into the gel well.
Native gel electrophoresis
The gel was assembled by placing the two side spacers onto the square plate so that
1-2 mm of glass id left exposed on the outside edges. The silicone tubing was put across
the bottom edge of the plate and was set the top glass plate (with cut out on top) onto the
bottom plate. The bottom corners were temporarily with small clamps. The tubing was
pulled up along the sides of the spacers, and the sides were clamped with large spacers.
The small was removed. Temporary clamps and the bottom of the gel was clamped with
two large clamps (positioned at the outside edges of the plates, and snug against the bottom).
The gel was stood upright so that it sits on the two bottom clamps and adjust the gel to
level. The separating gel of gradient acrylamide concentration should be prepared. Gel
solution of desired acrylamide concentration was made up. In this experiment, the
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acrylamide concentration of stating solution (15 ml) was 8% and of limiting solution (15
ml) is 18%. Five microliters of TEMED was added to both the starting solution [9.1 ml
distilled H2O, 1.875 ml 8X resolving gel buffer, 4 ml acrylamide stock solution, 30 µl 10%
ammonium persulfate] and limiting solution [1 ml distilled H2O, 3 ml 60% sucrose, 1.875
ml 8X resolving gel buffer, 9 ml acrylamide stock solution and 30 µl 10% ammonium
persulfate] and were mixed well. About 12 ml of starting solution were added to the
gradient maker (the non-mixing chamber), and the small port was filled between the two
chambers by very briefly opening the stopcock that separates the two. Twelve milliliters of
limiting solution was added to the mixing chamber and start the stir bar. The outlet stopcock
was opened so that the gradient solution begins to flow out of the mixing chamber (to make
the flow of gel solution easier, it is recommended to fill the tubing with water before you
add gel solution to the chambers). As the solution begins to flow, the stopcock was opened
between the two chambers of the gradient maker, and the outlet tubing was forced between
the gel plates to allow the gradient solution to fill the gel mold. The gradient should take
only about 5 minutes to pour under normal circumstances. When the gradient has been
poured, the gel was overlaid with about 300 µl of distilled water, and it was allowed to
polymerize. The gel should polymerize in about 60 minutes. To prevent acrylamide from
clogging, the gradient maker was filled with distilled water and was allowed go through
the chambers and tubing. Once the gel has set, the water layer was poured off and the top
of the gel was rinsed with distilled water three times. Most of the water was removed by
using paper towel. The flask was swirled gently to mix. The top of the gel sandwiches was
filled with the stacking gel solution [4.0% gel, 0.125M, pH 6.8]. Insert the well-forming
comb into the gel at an angle to avoid trapping any air bubbles underneath. The gel was
27

allowed to polymerize completely about 1 hour. One liter of 1X native running buffer [25
mM Tris, 192 mM glycine], nine hundred milliliters of distilled water was added to 100 ml
of 10X running buffer and mix well. The comb was removed slowly and the gel plates and
the wells were rinsed with distilled water. The gel plates were fixed to the gel box with
clamps (the short plate should be touching the box). The top and bottom chambers were
filled with running buffer. Bubbles was removed from under the gel using a bent Pasteur
pipet or a 10 ml syringe with a bent, dull needle. Electrophoresis apparatus with the gel
was precooled at 4°C for 1 hour and pre-electrophoresis the gels without protein samples
for at 15 mA for 1 hour at 4°C to remove persulphate and other charged contaminants.
Samples (20-60 µl) was loaded into gel wells. Electrode (+) was attached to lower tray and
electrode (-) was attached to upper tray. It was run at constant current, starting at 7 mA
until the blue -colored samples have entered the stacking gel (about 1.5 hour), was run at
10 mA until the blue-colored samples have immigrated to the interface between the
stacking and resolving gels overnight at 4°C until the blue front has run out of the gel
(about 13 hours). At the end of the run, the power supply was turned off, and the gel was
removed from the apparatus.
In-gel analysis of superoxide dismutase
The gel was incubated in 50 ml of 50 mM sodium phosphate (make by 0.2 M
NaH2PO4 and 0.2 M Na2HPO4) buffer (pH 7.8) for 5 minutes. After removing the solution,
the gel was incubated in 50 ml of 50 mM phosphate buffer (pH 7.8) containing 0.24 mM
NBT and 28 µM riboflavin for 20 minutes in dark. The solution was removed. The gel was
incubated in 50 ml of 50 mM sodium phosphate buffer (pH 7.8) containing 28 mM TEMED
for 20 minutes in the dark. The gel was exposed on a glass plate to fluorescent light for 15
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minutes or until white bands on a dark blue background appear. The solution was removed
and add 50 ml of 50 mM sodium phosphate buffer (pH 7.8). The gel was recorded by using
BioRad Imager.
SOD uses superoxide anion radicals as substrate, Ribofalvin can be reduced by light,
generating superoxide anion. TEMED functions as a free radical stabilizer. Superoxide
anion radicals have the potential to reduce nitro blue tetrazolium (NBT) to formazan. If
SOD activity is present, superoxide anions radicals will be dismutated and hence will not
be available for reduction of tetrazolium. Therefore, higher the SOD activity lesser would
be the formation of formazan.
In-gel analysis of guaiacol peroxidase
The gel was incubated in 50 ml of 50 mM sodium phosphate buffer (pH 7.0) for 5
minutes. After removing the solution, the gel was incubated in 50 ml of 50 mM sodium
phosphate buffer (pH 7.0) containing 20 mM guaiacol and 10 mM hydrogen peroxide in
the dark until orange bands appear (the orange bands produced are stable for a short period
of time and gradually fade). The gel was recorded by using BioRad Imager.

Determining total silicon content in soybean
Preparation of silicon standard curve
Si standard solution (1 mg/ml Si), 0,2,3,5,7,10,15,20,30, and 40 µl, was transferred
to a 50 ml volumetric tube, respectively. Also 0,50,100,150,200,250,300,350,400, and 450
µl of Si standard solution (1 mg/ml Si) was transferred to a 50 ml volumetric tube,
respectively. Thirty-four milliliter acetic acid (20%) and 10 ml of ammonium molybdate
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solution (54 g/L, pH 7.0) were added and was mixed thoroughly. It was kept for 5 minutes
and then 5 ml of 20% tartaric acid and 1 ml of reducing solution [Made by mixing solution
A (400 mg of Na2SO3 and 1-amino-2-naphtol-4-sulfonic acid in 5 ml of milliQ water) and
solution B (5g of Na2HSO3 in 40 ml of milliQ water), and add milliQ water to 50 ml] was
added. It was stored in a tightly stoppered plastic tube in the dark. Discard after 2 weeks.].
The samples were mixed well and was stood for 30 minutes. The absorbance was measured
at 650 nm in 1-cm path length cuvettes using the blank as °C. Microgram silicon (µg Si)
was plotted as abscissa vs. absorbance as ordinate for the silicon curve.
Determination of silicon content in leaves and roots
Six soybean plant leaves under different treatments were collected. Leaves or roots
were dried in a convection oven (65°C; 48 hours) prior to grinding in mill to pass through
a 60-mesh screen. Samples was placed in snap-cap vials and re-dried for 48 hours (65°C).
One hundred-mg sample was weighed from each of leaf samples. Fifty milliliter volumetric
tubes were rinsed with 0.1 M NaOH and then distilled water. Each 100-mg sample was put
into a 50 ml volumetric tube. The sample was wet with 1 ml of 50% H2O2 and 3 ml of 50%
NaOH were added. It was covered with a plastic cap and gently vortex. All plastic caps
were loose on the tubes and autoclave at 121°C (15 psi) for 40 minutes. After atmospheric
pressure is reached, the tubes were removed from the autoclave oven. The volume was
brought to 50 ml with distilled water and mix well. It was kept for 60 minutes to allow
insolubilized particles to settle down. One milliliter of sample solution was transferred to
a 50 ml volumetric tube. Thirty-three milliliter acetic acid (20%) and 10 ml of ammonium
molybdate solution was added and were mixed thoroughly. It was kept for 5 minutes and
then 5 ml of 20% tartaric acid and 1 ml of reducing solution were added. The samples were
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mixed well and stand for 30 minutes. The absorbance was measured at 650 nm, in 1 cm
path length cuvettes using the blank (without a sample) as reference. Refer to the silicon
standard curve; it was compared the present measurements with those of the standard curve.
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CHAPTER IV
RESULTS
Effect of silicon supplementation on silicon content of soybean
The colorimetric determination method was used to determine silicon content in
leaves and roots. Figure 4.1 and figure 4.2 were the results of silicon concentration in the
leaf samples and root samples respectively. For the leaf samples, the differences in the
mean values among the silicon treatment groups were greater than would be expected by
chance; there was a statistically significant difference between plants supplied with silicon
and sodium chloride (P = 0.04107 < 0.05). A significant difference (P = 0.04309 < 0.05)
in leaf samples silicon content were observed under in addition of silicon when compared
to plants supplied with water. There is no significant difference (P = 0.9954) between the
plants supplied with sodium chloride and water. Also for the root samples, significant
difference was observed compared the plants under silicon application and sodium chloride
application (P = 0.01525 < 0.05). There is a significant difference (P = 0.03386 < 0.05)
between plants supplied with silicon and water. However, no significant difference
compared the plants under sodium chloride and water (P = 0.5925). After silicon
application, the silicon content was increased in both leaves and roots compared to supplied
with sodium chloride and distilled water.
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Figure 4.1

Effect of silicate supplementation on silicon content of soybean leaves.

Soybeans were grown in cups containing sand supplied with the same volume of distilled
water (H2O), 4 mM sodium silicate (Na2SiO3), or 8 mM sodium chloride (NaCl) solution.
After 12 days' growth, the leaf samples were collected for determination of silicon
content. Data are the mean ± standard error from six replications per treatment. Different
letters indicate significant difference (ANOVA, p < 0.05).
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Figure 4.2

NaCl

H2O

Effect of silicate supplementation on silicon content of soybean roots.

Soybeans were grown in cups containing sand supplied with the same volume of distilled
water (H2O), 4 mM sodium silicate (Na2SiO3), or 8 mM sodium chloride (NaCl) solution.
After 12 days' growth, the root samples were collected for determination of silicon
content. Data are the mean ± standard error from six replications per treatment. Different
letters indicate significant difference (ANOVA, p < 0.05).

Effect of silicon supplementation on growth and drought tolerance of soybeans
Soybeans were grown for 14 days in cups containing sand supplied with the same
volume of distilled water, 4 mM sodium silicate, or 8 mM sodium chloride solution. These
plants were then subjected to drought treatment by stopping irrigation. Silicate-treated
plants were taller than sodium chloride-treated plants. After 7 days without watering, the
plants previously supplied with water or 8 mM sodium chloride solution exhibited leaf
wilting and rolling (a characteristic response of soybean plants to soil water deficit) while
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the plant previously supplied with 4 mM sodium silicate displayed the similar phenotype
as the control plants with irrigation. The root of soybeans supplied with sodium silicate is
the longest one among the others under drought treatment.

Figure 4.3

Silicate application improves soybean growth and drought tolerance.

Soybeans were grown in sand-containing cups. Same volume of distilled water (H2O), 4
mM sodium silicate (Na2SiO3), or 8 mM sodium chloride (NaCl) solution was supplied to
sand-containing cups when the plants were 7 days old. The supplementation of distilled
water, sodium silicate, or sodium chloride solution was continued for 14 days. The plants
were then subjected to drought treatment (+) by withholding water or to non-drought
condition (-) with watering. After 7 days drought treatment, the plants previously
supplied with water or sodium chloride solution exhibited leaf wilting and rolling (a
characteristic response of soybean plants to soil water deficit) while the plant previously
supplied with sodium silicate displayed the similar phenotype as the control plants with
irrigation.
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Figure 4.4

Morphology and response of soybean roots to silicate application under
drought condition.

Same volume of distilled water (H2O), 4 mM sodium silicate (Na2SiO3), or 8 mM sodium
chloride (NaCl) solution was supplied to sand-containing cups when the plants were 7
days old. The supplementation of distilled water, sodium silicate, or sodium chloride
solution was continued for 14 days. The plants were then subjected to drought treatment
(+) by withholding water or to non-drought condition (-) with watering. The duration of
drought treatment was 7 days. The root of soybeans supplied with sodium silicate is the
longest one among the others under drought treatment.

Differentially expressed proteins from soybean plants treated with silicate
Proteins were isolated from leaves and roots using modified method. Root (Figure
4.5) or leaf (Figure 4.6) proteins separated by 2D gel electrophoresis were stained with
silver (Figure 4.5) or colloidal coomassie blue (Figure 4.6). The positions of molecular
mass markers are shown in kilodalton (kDa) at the left-hand margin. The pI of most
proteins is in the pH range of 4 to 7.
There were 39 spots up-regulated or down-regulated and these proteins were cut
and did in-gel digestion to do the mass spectrometry. Using tandem mass spectrometry
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analysis, 31 detected proteins were identified. Table 4.1 shows the information of identified
proteins including spot number, protein name, accession number, gene locus, molecular
weight and calculated pI.
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Figure 4.5

Two-dimensional gel analysis of differentially expressed proteins in roots
of soybeans in response to silicate application.

Root proteins were isolated from 28 days old plants which had been grown in sand
supplied with distilled water (H2O), 4 mM sodium silicate (Na2SiO3), or 8 mM sodium
chloride (NaCl) solution and then subjected to drought treatment by withholding water or
to wet condition with watering. Root proteins (200 µg) were separated by twodimensional gel electrophoresis and stained with silver staining. Differentially expressed
proteins were indicated with arrows. The positions of molecular mass markers are shown
in kilodalton (kDa) at the left hand margin. The range of isoelectric point (pI) is given
above the gel images. The arrows indicate the positions of proteins whose expression
levels were altered by different treatments.
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Figure 4.6

Two-dimensional gel analysis of differentially expressed proteins in leaves
of soybeans in response to silicate application.

Leaf proteins were isolated from 28 days old plants which had been grown in sand
supplied with distilled water (H2O), 4 mM sodium silicate (Na2SiO3), or 8 mM sodium
chloride (NaCl) solution and then subjected to drought treatment by withholding water or
to wet condition with watering. Leaf proteins (200 µg) were separated by twodimensional gel electrophoresis and stained with colloidal Coomassie blue. Differentially
expressed proteins proteins were indicated with arrows. The positions of molecular mass
markers are shown in kilodalton (kDa) at the left hand margin. The range of isoelectric
point (pI) is given above the gel images. Arrows indicate the positions of proteins whose
expression levels were altered by different treatments.
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For the root samples with drought treatment, thirteen spots were studied from the
one supplied with silicon solution, 20S proteasome subunit alpha 2 (spot 8), NADP Malic
enzyme (spot 14), ATP synthase subunit alpha, mitochondrial (spot 15), aldehyde
dehydrogenase family 2 member C6 (spot 16), mitochondrial-processing peptidase subunit
beta (spot 17), uncharacterized protein (spot 18), 2'-hydroxyisoflavone reductase (spot 19),
cysteine synthase (spot 20), phosphoribosylformylglycinamidine cyclo-ligase (spot 21),
cupin domain-containing protein (spot 22), ribose-5-phosphate isomerase (spot 23),
chalcone isomerase (spot 24) and trypsin protease inhibitor (spot 25). Seven spots were
chosen from the one supplied with sodium chloride solution, glutathione S-transferase
(spot 7), 20S proteasome subunit alpha 2 (spot 8), NAD(P)H dehydrogenase (quinone)
(spot 8 and 9), ATP synthase subunit delta (mitochondrial) (spot 11), superoxide dismutase
[Cu-Zn] (spot 12) and superoxide dismutase (SOD1) (spot 13). Three spots were detected
from the sample supplied with distilled water without drought treatment, pyruvate
dehydrogenase E1 component subunit beta (spot 1), alcohol dehydrogenase related (spot
2) and isoflavone reductase homolog 2 (spot 3). And three spots from the sample supplied
with sodium chloride solution without drought treatment, aldehyde dehydrogenase family
2 member C4 (spot 4), aldehyde dehydrogenase family 2 member C5 (spot 5) and 26S
proteasome regulatory subunit N11 (spot 6). For the leaf proteins, there was one spot cut
from the sample supplied with silicon solution without drought treatment, 6phosphogluconate dehydrogenase (spot 31). There were six spots from the sample supplied
with sodium chloride solution with drought treatment, malate dehydrogenase (spot 26),
aldo-keto reductase family 4 (spot 27), ascorbate peroxidase (spot 28), ascorbate
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peroxidase 2 (cytosolic) (spot 29) and translation initiation factor 5A (spot 30). The stars
are the anchor points, indicating the same protein separated on different gels.
Among all the identified protein spots, eighteen spots were upregulated (spots 3, 4,
5, 6, 8, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 and 25) and thirteen spots were
downregulated (spots 1, 2, 7, 9, 10, 11, 12, 13, 26, 27, 28, 29 and 30). Upregulated and
downregulated indicates the protein level increased or decreased in condition sodium
silicate-treated and under drought versus the other conditions (Table 4.1 and 4.2). For root
samples, the volume of thirteen proteins significantly changed due to the silicon application
to the plants under drought treatment and all these spots are upregulated. The volume of
seven spots significantly changed of the plants with the addition of NaCl under drought
treatment. Six proteins downregulated (spots 7, 9, 10, 11, 12 and 13) and one upregulated
(spot 8). While the volume of three spots significantly changed of the plants with the
addition of NaCl without drought treatment. All of them are upregulated (spots 4, 5 and 6).
The volume of three spots significantly changed of the plants supplied with distilled water
without drought treatment, two downregulated (spots 1 and 2) and one upregulated (spot
3). On the other hand, for the leaf samples, the volume of one spot (spot 31) significantly
upregulated due the addition of silicon of the plants without drought treatment. The volume
of five spots significantly changed of plants with the addition of NaCl under drought
treatment and all of them are downregulated (spots 26, 27, 28, 29 and 30). Isoflavone
reductase homolog 2 (spot 3), 20S proteasome subunit alpha2 (spot 8), ATP synthase
subunit alpha, mitochondrial (spot 15), aldehyde dehydrogenase family 2 member C6 (spot
16), mitochondrial-processing peptidase subunit beta (spot 17), cysteine synthase (spot 20),
phosphoribosylformylglycinamidine cyclo-ligase (spot 21), cupin domain-containing
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protein (spot 22), ribose-5-phosphate isomerase (spot 23) and chalcone isomerase (spot 24)
have the highest volume under the addition of silicon and drought treatment.
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Isoflavone reductase homolog 2

Aldehyde dehydrogenase family 2
member C4
Aldehyde dehydrogenase family 2
member C5
26S proteasome regulatory subunit
N11
Glutathione S-transferase

20S proteasome subunit alpha 2

NAD(P)H dehydrogenase (quinone)

NAD(P)H dehydrogenase (quinone)

ATP synthase subunit delta,
mitochondrial

Superoxide dismutase [Cu-Zn]

Superoxide dismutase (SOD1)

NADP Malic enzyme

ATP synthase subunit alpha,
mitochondrial
Aldehyde dehydrogenase family 2
member C6
Mitochondrial-processing peptidase
subunit beta

Uncharacterized protein

2'-hydroxyisoflavone reductase

Cysteine synthase

3

4

8

9

10

11

12

13

14

15

18

19

20

17

16

7

6

5

2

Protein Name
Pyruvate dehydrogenase E1
component subunit beta
Alcohol dehydrogenase related

C6TMX6

I1J8T0

Glyma.03g244800

Glyma.01G172600

Glyma.13G344500

Glyma.18G156500

I1N1W7
I1M561

Glyma.08G346200

Glyma.08G039300

ATPAM_SOYBN

Glyma.16G077800

Glyma.19G240400

I1KZ13

I1KQ30

Q01915

I1MM08

Q7M1R5

Glyma.11G192700.4

Glyma.03g105300

I1JML1
I1LKZ3

Glyma.07G117000

Glyma.15G064700

A0A0R4J559
I1KJH7

Glyma.13G249600

C6T2H1

Glyma.08G061200

Glyma.01G105500

I1J717
A0A0R4J3V9

Glyma.08G167600

Glyma.19G177200

Glyma.14G081600

Glyma.08G039200

Glyma.07G087500

Glyma.04G012300

Glyma.06G122600

Gene Locus
Glyma.14G186900

C6TH59

I1NA39

I1M8K6

I1KQ26

I1KIS3

Q9SDZ0

A0A0R0JL19

Ac Nob
C6T827

34.4

35.6

35.4

58.8

54.8

55.3

65.2

15.2

20.9

20.8

21.7

21.7

25.6

27.0

35.2

54.4

54.5

33.9

41.0

MWc
38.6

5.63

5.47

5.45

6.99

6.04

6.61

6.04

5.60

6.52

7.58

6.95

6.54

5.68

5.71

6.60

6.42

6.33

5.88

6.40

pIc
5.96

↑ (Si D/Cl D; Si D/H2O D; Si D/Si W)

↑ (Si D/Si W)

↑ (Si D/Cl D; Si D/H2O D; Si D/Si W)

↑ (Si D/Cl D; Si D/H2O D; Si D/Si W)

↑ (Si D/Cl D; Si D/H2O D; Si D/Si W)

↑ (Si D/Cl D; Si D/H2O D; Si D/Si W)

↑ (Si D/Cl D; Si D/H2O D)

↓ (Si D/Cl D)

↓ (Si D/Cl D)

↓ (Si D/Cl D)

↓ (Si D/Cl D; Si D/H2O D)

↓ (Si D/Cl D; Si D/H2O D)

↑ (Si D/Cl D; Si D/H2O D; Si D/Si W)

↓ (Si D/Cl D)

↑ (Si D/Cl D; Si D/H2O D)

↑ (Si D/Cl D; Si D/H2O D)

↑ (Si D/Cl D; Si D/H2O D)

↓ (Si W/Cl W; Si W/H2O W; Si W/Si
D)
↑ (Si D/Cl D; Si D/H2O D; Si D/Si W)

Change patternd
↓ (Si D/H2O D)

Differentially expressed proteins from roots of soybean plants treated with silicate

Noa
1

Table 4.1
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Cupin domain-containing protein

Ribose-5-phosphate isomerase

Chalcone isomerase
Trypsin protease inhibitor

22

23

24
25

Q53B75
B1ACD3

I1NC74

I1KSR6

Ac Nob
I1KNV7

Glyma.20G241600
Glyma.16G211700

Glyma.19G243000

Glyma.08G127600

Gene Locus
Glyma.08G001000

25
23.6

32.7

39

MWc
40.9

5.35
5.38

5.52

5.22

pIc
5.36

Change patternd
↑ (Si D/Cl D; Si D/H2O D; Si D/Si
W)
↑ (Si D/Cl D; Si D/H2O D; Si D/Si
W)
↑ (Si D/Cl D; Si D/H2O D; Si D/Si
W)
↑ (Si D/Cl D; Si D/H2O D; Si D/Si
W)
↑ (Si D/H2O D; Si D/Si W)

a. Nos correspond to the spot numbers on the gels in Figure 4.5.
b. Ac Nos are the accession numbers in the UniProt database (http://www.uniprot.org/).
c. Calculated molecular mass (MW) in kilodalton (kD) and isoelectric point (pI) based on protein sequence annotated in the
UniProt database.
d. "↑" or "↓" indicates the protein level increased or decreased in condition A versus condition B. Si W: sodium silicate-treated,
then under wet condition; Si D: sodium silicate-treated, then under drought condition; Cl W: sodium chloride-treated, then under
wet condition; Cl D: sodium chloride-treated, then under drought condition; H2 O W: water-supplied, then under wet condition;
H2 O D: water-supplied, then under drought conditi

Protein Name
Phosphoribosylformylglycinamidine
cyclo-ligase

Noa
21

Table 4.1 (continued)
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Aldo-keto reductase family 4

Ascorbate peroxidase

Ascorbate peroxidase 2, cytosolic
Translation initiation factor 5A

6-phosphogluconate dehydrogenase (PGD)

27

28

29
30

31

I1KPH6

Q76LA6
C6ZHS4

Q43758

53.7

27.1
17.5

27.0

34.9

35.4

MWc
35.2

6.57

5.99
5.99

5.81

6.65

6.30

pIc
6.30

↑ (Si W/Cl W; Si W/H2O W)

↓ (Si D/Cl D)
↓ (Si D/Cl D)

↓ (Si D/Cl D)

↓ (Si D/Cl D)

Change patternd
↓ (Si D/Cl D; Si D/H2O D)

b. Ac Nos are the accession numbers in the UniProt database (http://www.uniprot.org/).
c. Calculated molecular mass (MW) in kilodalton (kD) and isoelectric point (pI) based on protein sequence annotated in the
UniProt database.
d. "↑" or "↓" indicates the protein level increased or decreased in condition A versus condition B. Si W: sodium silicate-treated,
then under wet condition; Si D: sodium silicate-treated, then under drought condition; Cl W: sodium chloride-treated, then under
wet condition; Cl D: sodium chloride-treated, then under drought condition; H2 O W: water-supplied, then under wet condition;
H2 O D: water-supplied, then under drought condition.

Glyma.08G020500

Glyma.04G165500

Glyma.06G197300

Glyma.05G024200

Glyma.12G073100
Glyma.17G103100

Glyma.U021900

Glyma.01G102600

Glyma.02G005500

A0A0R4J2L9
I1J6Z7

Gene Locus
Glyma.10G006500

Ac Nob
H2D5S3

a. Nos correspond to the spot numbers on the gels in Figure 4.6.

Protein Name
Malate dehydrogenase (MDH1)

Differentially expressed proteins from leaves of soybean plants treated with silicate

Noa
26

Table 4.2

Analysis of antioxidant enzymes
The whole leaves or roots were used to extract protein. For in-gel analysis of SOD,
nitro blue tetrazolium (NBT) method was used containing riboflavin and TEMED. If SOD
activity is present, superoxide anions radicals will be dismutase and hence will not be
available for reduction of tetrazolium. Therefore, higher the SOD activity lesser would be
the formation of formazan.
Activity of SOD in the 4 mM Na2 SiO3 under drought treatment was greater than
the other two under drought treatment. Among the other two under drought treatment, in
the 8 mM NaCl under drought has the lowest expression of SOD. There is no significant
difference was found between the three treatments without drought stress.
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Figure 4.7

In-gel analysis of superoxide dismutase from soybean leaves.

Leaf proteins were isolated from 28 days old plants which had been grown in sand
supplied with distilled water (H2O), 4 mM sodium silicate (Na2SiO3), or 8 mM sodium
chloride (NaCl) solution and then subjected to drought treatment (+) by withholding
water or to non-drought condition (-) with watering. Same amount of proteins (120 µg)
from different treatments were loaded onto the gel and analyzed in gel for superoxide
dismutase activities. Arrowheads indicate the bands of superoxide dismutase.
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For in-gel analysis of guaiacol peroxidase (GPX), guaiacol solution was used to
detect enzyme. There is no significant difference between three leaf samples without
drought treatment. However, the increase in the expression and activity of GPX was
observed in the plant samples supplied with silicon under drought stress.
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Figure 4.8

In-gel analysis of guaiacol peroxidase from soybean leaves.

Leaf proteins were isolated from 28 days old plants which had been grown in sand
supplied with distilled water (H2O), 4 mM sodium silicate (Na2SiO3), or 8 mM sodium
chloride (NaCl) solution and then subjected to drought treatment (+) by withholding
water or to non-drought condition (-) with watering. Same amount of proteins (120 µg)
from different treatments were loaded onto the gel and analyzed in gel for guaiacol
peroxidase activities. Arrowheads indicate the bands of guaiacol peroxidase.
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A native-PAGE analysis of GPX in root samples showed that drought stress
increases the activity of GPX among three different treatment. On the comparison to the
plants supplied with NaCl and distilled water, the addition of silicon significantly increases
the activity of GPX.

50

Figure 4.9

In-gel analysis of guaiacol peroxidase from soybean roots.

Root proteins were isolated from 28 days old plants which had been grown in sand
supplied with distilled water (H2O), 4 mM sodium silicate (Na2SiO3), or 8 mM sodium
chloride (NaCl) solution and then subjected to drought treatment (+) by withholding
water or to non-drought condition (-) with watering. Same amount of proteins (60 µg)
from different treatments were loaded onto the gel and analyzed in gel for guaiacol
peroxidase activities. Arrowheads indicate the bands of guaiacol peroxidase.
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CHAPTER V
DISCUSSION
Silicon supplementation improves soybean growth and drought tolerance
Soybean is classified as an intermediate type plant between Si accumulators and
excluders (Ma and Takahashi 2002). For soybean cultivar Asgrow 5332, supplementation
of silicate to the plants could significantly increase Si contents in both leaves and roots of
soybean (Figures 4.1 and 4.2). These results indicate that the soybean plants can uptake
and transport Si in response to silicate supplementation. In support of this notion, Si influx
transporters have been identified and functionally characterized in soybean (Deshmukh et
al., 2013). Silicate application dramatically improved drought tolerance of soybean plants
at early vegetative stage, as it is evident that the leaves of soybean plants with silicate
application were not wilted and rolled after drought treatment when control plants
displayed leaf wilting and rolling symptoms (Figure 4.3). These results are consistent with
those of an early study by Emam et al. (2012) who showed that silicon could reduce leaf
rolling scores under drought stress in two rice cultivars. Li-feng et al. (2012) showed that
the rolling leaves have lower soluble sugar content and proline content. The maximal
photosystem II also decreased in the light-adapted state in rolling and wilting leaves. The
plants supplied with silicon under drought stress do not show any rolling symptoms could
be due to unreduced contents of soluble sugar content and proline in plants with silicon
application.
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Furthermore, the roots of soybeans treated with silicon under drought stress had similar
length as those of plants grown under wet conditions (Figure 4.4). These results indicate
that silicon could promote root elongation under drought conditions. The increment of root
length is a way to increase uptake of water from soil under dry conditions (Khattab et al.
2014). Thus enhanced root elongation by silicon application may be an important factor
contributing to silicon-mediated improvement of drought tolerance in soybean plants.

Silicon affects protein profile in roots of soybean under drought stress
In order to understand the molecular roles of Si in improving drought tolerance in
soybean, the effect of silicate application on protein expression in soybean plants was
investigated. Twenty-five proteins showing differential expression in roots under silicon
and drought treatments were identified by tandem mass spectrometry (Figure 4.5 and Table
4.1).
Three members of aldehyde dehydrogenase family 2 (ALDH2C4, ALDH2C5, and
ALDH2C6) (spots 4, 5, 16) exhibited marked decreases in abundance under drought stress,
while the levels of these three proteins remain unreduced in roots of soybean plants with
silicon application under drought stress (Figure 4.5). The superfamily of plant aldehyde
dehydrogenases contains 13 distinct families (Wang et al., 2017). Aldehyde
dehydrogenases can detoxify reactive aldehydes and may play a key role in stress relevant
detoxification processes (Stiti et al., 2011). Plant aldehyde dehydrogenase family 2
members can catalyze the conversion of aldehydes such as acetaldehyde, benzaldehyde,
coniferaldehyde, and sinapaldehyde into their corresponding acids (Koncitikova et al.,
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2015). An aldehyde dehydrogenase gene was found differentially expressed in droughttolerant genotypes of barley under drought stress (Guo et al., 2009). Overexpression of
some aldehyde dehydrogenase genes has been shown to improve abiotic stress tolerance
(Stiti et al., 2011) It was reported that Arabidopsis plants overexpressing a wheat aldehyde
dehydrogenase conferred improved drought tolerance (Chen, et al., 2015). Thus maintained
expression of aldehyde dehydrogenase family 2 members (ALDH2C4, ALDH2C5, and
ALDH2C6) in the roots with silicate application under drought may be an important factor
contributing to drought tolerance in soybean.
Similar to the three aldehyde dehydrogenases mentioned above, the level of an
NADP malic enzyme (spot 14) remain unreduced in roots of soybean plants with silicon
application under drought stress, while the abundance of this NADP malic enzyme
decreased dramatically under drought stress without silicon application (Figure 4.5). In C3
plants, NADP-malic enzymes were suggested to play nonphotosynthetic roles, including
providing NADPH for biosynthesis and the antioxidant system (Doubnerova and Ryslava,
2011). The reaction catalyzed by NADP-malic enzyme can produce NADPH. NADPH can
contribute to antioxidant systems, such as regeneration of glutathione. It also can provide
reducing power to supply the detoxification system for elimination of reactive oxygen
species (ROS). It was reported that the overexpression of NADP malic enzyme could
protect two cultivars of Vigna unguiculata against ROS under osmotic stress (Aragão et
al., 2008). An NADP-malic enzyme gene was found differentially expressed in droughttolerant genotypes of barley under drought stress (Guo et al., 2009). The maintained
expression of NADP-malic enzyme in the roots with silicate application under drought may
be a contributing factor for drought tolerance in soybean.
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Two proteins involved in the proteasome-dependent degradation pathway were
found differentially expressed in soybean roots with silicon application under drought
stress. 20S proteasome alpha subunit alpha 2 (spot 8) was upregulated in the soybeans
supplied with sodium silicate under drought stress. The 20S proteasome alpha subunit is
known to participate in substrate recognition in proteasome-dependent degradation
pathway (Smalle and Vierstra, 2004). The proteasome can degrade unneeded or damaged
proteins by proteolysis. 20S proteasome alpha subunit A was upregulated in soybean under
osmotic stress (Toorchi et al., 2009) and also increased in abundance in rice under osmotic
stress (Zang and Komatsu, 2007). The 26S proteasome regulatory subunit N11 protein
(spot 6) exhibited marked decreases in abundance under drought stress, while the level of
this protein remained unreduced in roots of soybean plants with silicon application under
drought stress (Figure 4.5). These results suggest that silicon may be able to enhance
proteasome function in soybean roots to degrade abnormal and damaged proteins under
drought stress.
Three proteins involved in isoflavonoid biosynthesis exhibited increases in
abundance in soybean roots with silicon application under drought stress (Table 4.1).
Chalcone isomerase (spot 24), isoflavone reductase homolog 2 (spot 3), and 2'hydroxyisoflavone reductase (spot 19) were upregulated in the roots of plants supplied with
sodium silicate under drought treatment compared to the other treatments under drought
stress and to those supplied with silicon under wet condition (Figure 4.5). Chalcone
isomerase (CHI) is an enzyme involved in the flavonoid biosynthesis pathway. Isoflavone
reductase (IFR) is an enzyme in the biosynthetic pathway of isoflavonoids. Recently, it was
reported that soybean isoflavone reductase gene family GmIFR play a crucial role in the
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defense of reactive oxygen species (ROS). The transgenic soybean over-expressing GmIFR
had significant lower level of ROS than non-transgenic plants (Cheng et al., 2015).
Flavonoids are not only the required metabolites for the plants to survive but also
contribute to the health of many functions within the plant (Petrussa et al., 2013). It was
reported that flavonoids can protect plants from ultraviolet (UV) light stress not only as a
light filter but also preserving the shade-adapted chloroplast from UV damage (Petrussa et
al., 2013). Further, flavonoids induced by UV light can function as antioxidants by
scavenging ROS in plant cells (Petrussa et al., 2013). Multiple evidences revealed that
abiotic stress influenced the flavonoid metabolism. The abundance of isoflavone reductase
homologs and chalcone synthase increased in soybean roots subjected to drought stress
(Yamaguchi et al., 2010). The finding of unregulated chalcone isomerase, isoflavone
reductase homolog 2, and 2'-hydroxyisoflavone reductase in soybean roots with silicon
application under drought stress further indicates the importance of enhanced isoflavonoid
biosynthesis in coping with drought stress.
Cupin superfamily is known to play an important role in the plant growth,
development and even defense. It was reported that the Arabidopsis cupin-domain protein
AtPirin1 had ability to contact with a CCAAT box binding transcription factor and play a
key role in in regulating seed germination and early seedling development (Lapik and
Kaufman, 2003). Further, two cupin family genes PDGLP1 and PDGLP2 have been shown
to be involved in regulating primary root growth in Arabidopsis (Ham et al., 2012). In this
study, a cupin domain-containing protein was found significantly increased in the roots
with silicon application under drought treatment (Figure 4.5, spot 22). The increased
abundance of this cupin domain-containing protein in soybean roots with silicate
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application under drought may be important for the enhanced root growth under drought
stress.
Cysteine synthesis is involved in the whole path of sulfur reduction essentially not
only in plants but also in human body (Wirtz and Hell, 2006). Studies suggest that increased
cysteine synthase (CS) could lead to increased biosynthesis of cysteine as well as enhanced
biosynthesis of phytochelatin (Harada et al., 2001). Many metal cofactors are bound to the
cysteine, and cysteine acts as a prevention or antidote for some of the negative effects of
heavy metal. Overexpression of a rice CS gene in tobacco resulted in increased levels of
phytochelatins and improved tolerance to toxic levels of cadmium (Harada et al., 2001).
Cysteine synthase (spot 20) was upregulated in the roots with silicate application under
drought treatment compared to others under drought stress (Figure 4.5). The increased
abundance of cysteine synthase in the roots with silicate application under drought may be
important for silicon-mediated tolerance to drought in soybean.
Ribose-5-phosphate isomerase (spot 23) was upregulated in the roots with silicate
application under drought treatment compared to others under drought stress (Figure 4.5).
Ribose-5-phosphate isomerase (RPI) is an important enzyme in pentose phosphate pathway
(PPP). PPP modulates the carbon skeleton involved in the synthesis of nucleotides and
amino acids. These are important to plant growth and development. It was reported that
lack of an ribose-5-phosphate isomerase (RPI2) causes chloroplast dysfunction , late
flowering and premature cell death in Arabidopsis (Xiong et al., 2009). It is not clear about
the role of ribose-5-phosphate isomerase in silicon-mediated tolerance to drought in
soybean.
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The levels of three proteins, glutathione S-transferase (spot 7) and NAD(P)H
dehydrogenase (spots 9 and 10), down-regulated in soybean roots with silicon application
compare to those supplied with sodium chloride under drought stress. These two enzymes
are important for the antioxidant system in cells. Increment of glutathione S-transferase
elevated the level of reduced glutathione (GSH) which removes hydroperoxides in plants
(Bartling et al., 1993). Overexpression of glutathione S transferase/glutathione peroxidase
(GST/GPX) enhaces the growth of treansgenic tobacco seedlings during stress (Roxas et
al., 1997). It was shown that the maize Gst1 gene was expressed at a higher level when the
concentration of H2O2 was high. It was reported that only specific concentration and
duration of H2O2 treatment are capable of inducing Gst1 gene expression (Roxas et al.,
2018). NAD(P)H dehydrogenases (NDH) can catalyzes interconversion between
NAD(P)H and NAD(P). In the cyclic electron transport, there are at least two pathways.
One of them is the NDH-dependent route in the plant thylakoid membranes (Suorsa et al.,
2009). It was shown that NDH is involved in the chlororespiratory process (Wang et al.,
2006), scavenging ROS by poising the reduced and oxidized molecules in the cyclic
electron transport (Casano et al., 2000). It was found that NDH pathway is a modulator
operating CO2 assimilation and decreasing the level of ROS especially under heat stress
(Wang et al., 2006). In this study, both glutathione S-transferase and NAD(P)H
dehydrogenase proteins were found to be upregulated in the root supplied with sodium
chloride and under drought treatment compared with the root supplied with silicon under
drought treatment. They might be not the main approach for silicon mediated ROS
scavenging.
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In the leaves of soybean plants, only one protein, phosphogluconate dehydrogenase
(spot 31) was found to exhibit changed expression in response to silicon application (Figure
4.6, Table 4.2). Phosphogluconate dehydrogenase (PGD) is an important enzyme in the
oxidative phase of the pentose phosphate pathway. It was reported that a PGD2 isoform in
Arabidopsis was involved in PPP and manipulation of PPP may improve plant stress
tolerance (Hölscher et al., 2016). It is still unclear whether phosphogluconate
dehydrogenase plays a role in silicon-mediated tolerance to drought in soybean. Two
ascorbate peroxidases (spots 28 and 29, Figure 4.6) increased their abundance in the leaves
supplied with sodium chloride compared to supplied with sodium silicate under drought
treatment. It was reported that ascorbate peroxidases (APX) increased in a new type of
defense response of Arabidopsis plants against the combined stress such as drought and
heat stress (Caverzan et al., 2012). Nine or more than nine APX isoforms were detected
and located in the peroxisome, cytosol, thylakoid and mitochondria. It was shown that four
of them were related to the drought (APX1, APX2, APX3 and stromal/mitochondrial APX),
but only two were identified in the proteomic analysis. APX1 and cytosolic APX2 were
found increased and might be associated with alleviating drought stress (Koussevitzky et
al., 2008). In this study, APX (spots 28 and 29) upregulated in the leaves supplied with
sodium chloride compared to supplied with sodium silicate under drought treatment. It was
suggested that the application of silicon did not increase the level of APX to against drought
stress. It is still unclear whether these two ascorbate peroxidases play a role in siliconmediated tolerance to drought in soybean
In summary, twenty-five proteins showing differential expression in soybean roots
with under silicon and drought treatments identified. The majority of these proteins can be
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classified into five categories: detoxifying enzymes, control of reactive oxygen species,
isoflavonoid

biosynthesis,

and

proteasome-dependent

protein

degradation,

and

carbohydrate metabolism. These results indicate that silicon application could affect
enzymes important for carbohydrate metabolism and proteins involved in the proteasomedependent degradation pathway and stabilize aldehyde dehydrogenases and malic enzyme
under water deficit stress, which may be attributable to drought tolerance.
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APPENDIX A
Results of one-way ANOVA
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Table A.1
SUMMARY
Groups
Si(L)
NaCl(L)

ANOVA
Source of
Variation
Between
Groups
Within
Groups
Total

Table A.2
SUMMARY
Groups
Si(L)
H2O(L)

ANOVA
Source of
Variation
Between
Groups
Within
Groups
Total

Anova (Single Factor) of silicon content between leaf samples supplied
with sodium silicate and sodium chloride

Count
6
6

Sum
35.5182
19.1892

Average
5.9197
3.1982

Variance
6.188592
1.900699

df

MS

F

22.21969

1

22.21969

5.493605

40.44646

10

4.044646

62.66614

11

SS

P-value

F crit

0.04107 4.964603

Anova (Single Factor) of silicon content between leaf samples supplied
with sodium silicate and sodium chloride

Count
6
6

Sum
35.5182
19.218

Average
5.9197
3.203

Variance
6.188592
2.069668

SS

df

MS

F

P-value

F crit

22.14138

1

22.14138

5.362238

0.043091

4.964603

41.2913

10

4.12913

63.43268

11
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Table A.3
SUMMARY
Groups
NaCl(L)
H2O(L)

Anova (Single Factor) of silicon content between leaf samples supplied
with sodium chloride and distilled water

Count
6
6

Sum
19.1892
19.218

Average
3.1982
3.203

Variance
1.900699
2.069668

SS

df

MS

F

P-value

F crit

3.48E-05

0.995408

4.964603

ANOVA
Source of
Variation
Between
Groups
Within
Groups

6.91E-05

1

6.91E-05

19.85184

10

1.985184

Total

19.85191

11
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Table A.4

Anova (Single Factor) of silicon content between root samples supplied
with sodium silicate and sodium chloride

SUMMARY
Groups
Si(R)
NaCl(R)

Count
5
5

Sum
42.253
18.8645

Average
8.4506
3.7729

Variance
9.347071
2.229369

ANOVA
Source of
Variation
Between Groups
Within Groups

SS
54.70219
46.30576

df
1
8

MS
54.70219
5.78822

F
9.450607

Total

101.008

9
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P-value
0.015251

F crit
5.317655

Table A.5
SUMMARY
Groups
Si(R)
H2O(R)

ANOVA
Source of
Variation
Between
Groups
Within
Groups
Total

Anova (Single Factor) of silicon content between root samples supplied
with sodium silicate and distilled water

Count
5
5

Sum
42.253
21.828

Average
8.4506
4.3656

Variance
9.347071
3.423985

SS

df

MS

F

P-value

F crit

41.71806

1

41.71806

6.53322

0.033856

5.317655

51.08423

8

6.385528

92.80229

9
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Table A.6
SUMMARY
Groups
NaCl(R)
H2O(R)

ANOVA
Source of
Variation
Between
Groups
Within
Groups
Total

Anova (Single Factor) of silicon content between root samples supplied
with sodium chloride and distilled water

Count
5
5

Sum
18.8645
21.828

Average
3.7729
4.3656

Variance
2.229369
3.423985

SS

df

MS

F

P-value

F crit

0.878233

1

0.878233

0.310695

0.592504

5.317655

22.61342

8

2.826677

23.49165

9
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